The present study examined the application of the articulation index (AI) as a predictor of the speech-recognition performance of normal and hearing-impaired listeners with and without hearing protection. The speech-recognition scores of 12 normal and 12 hearing-impaired subjects were measured for a wide range of conditions designed to be representative of those in the workplace. Conditions included testing in quiet, in two types of background noise { white versus speech spectrum), at three signal-to-noise ratios ( -F 5, 0, --5 dB), and in three conditions of protection (unprotected, earplugs, earmuffs). The mean results for all 21 listening conditions and both groups of subjects were accurately described by the AI. Moreover, a single transfer-function relating performance to the AI could describe all the data from both groups.
INTRODUCTION
One of the most demonstrable effects of environmental noise on man's behavior is its interference with speech communication. Although the human ear is capable of selectively responding to one of several coexisting sounds, this ability is not perfect. Noise may cause a change in the subjective quality of speech, a shift in the perceived location of the speech signal, or it may affect the interpretation of verbal communication leading to misunderstanding, error, and the increased risk of job-related accidents.
The disruptive effect of noise on the recognition of speech is dependent on several spectral and temporal characteristics of the noise as a comDcting signal. These factors include the overall intensity of the competing noise, the signal-to-noise ratio, and whether the competition is steady state or intermittent. Additional factors affecting speech recognition include the bandwidth of the speech-transmission system, the type of speech material, the use of hearing protection, and the hearing sensitivity of the listener. Furthermore, many of these characteristics of the competing noise and speech signal interact in a complex manner to affect speech recognition. Thus it is extremely difficult to generalize regarding the effects of any one factor on speech recognition.
The'complex interaction of several factors underlying speech-recognition performance was studied extensively by workers at Bell Telephone Laboratories (French and Steinberg, 1947; Fletcher and Galt, 1950; Fletcher, 1953) . The pioneering work of these investigators culminated in the definition of an acoustical index, the articulation index (AI).
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The AI was found to be monotonically related to speechrecognition performance measured under a wide variety of listening conditions. An American Standard for the calculation of the AI was adopted in 1969 (ANSI S3 The effect of hearing protective devices on speech recognition is an area that lends itself to AI analysis, yet has received only limited research attention in this regard. Essentially, hearing protectors provide frequency-dependent attenuation of both the speech stimulus and the competing noise. There are many types of hearing protective devices, including earplugs, earmuffs, communication headsets, and helmets fitted with protective ear cups. Within each 6ate-gory, there are numerous variations. For example, earplugs may be either proformed or molded to fit the wearer's ear. They may be constructed from plastic, neoprene or silicone rubber, wax-impregnated cotton, or swedish wool. The amount of attenuation depends on the type of protector, the material, and the fit.
Research has shown that the speech-recognition performance of normal-hearing listeners may be enhanced with the use of hearing protection when continuous noise levels exceed approximately 95 dB SPL (Kryter, 1946; Pollack, 1957) . Kryter (1946) presented monosyllabic words to normal-hearing listeners in a background of "engine-room" noise ( 100 dB SPL) with and without hearing protection. He observed that the speech-recognition performance was equivalent with or without protection. When tested in a reverberant environment, listeners scored higher while wearing the hearing protective devices.
Pollack (1957} evaluated the speech-recognition per-formance of normal-hearing listeners with and without hearing protection at several noise levels and speech-to-noise ra- of the speech signal below the raised auditory thresholds in the high-frequency region. The results, however, cannot be generalized beyond the hypothetical set of circumstances discussed here. A different noise, hearing protective device, or audiometric configuration could change the conclusion entirely. There is little doubt that for some listeners hearing prorectors adversely affect speech inte!ligibility, depending on the acoustic properties of the noise, the attenuation characteristics of the hearing protector, and the hearing sensitivity of the listener. It is also apparent that there is a need for an improved method of selecting hearing protective devices that not only considers the reduction of noise to reduce the hazard to hearing, but also considers the effects of the protective device on communication in the noise. AI calculations, being based on speech level, speech spectrum, noise level, noise spectrum, and the hearing sensitivity of the listener, would appear to be particularly well suited for the latter purpose. The purpose of this investigation was to determine the validity of the articulation index as a method for predicting the effect of hearing protective devices on speech communication in noise. The study was designed to approximate actual listening conditions found in the workplace. In those day-to-day communication situations in which listeners might wear hearing protectors, individuals usually have syntactic and semantic cues available, as well as acoustic cues, to aid in the recognition of speech. Therefore, the PH sentences were utilized in the present study. The revised SPIN materials used in this study consist of eight equally difficult sets of 25 PH sentences (Bilger, 1984) . To improve the reliability of the speech-recognition scores, each score was based on the presentation of 50 PH sentences. These groups of 50 sentences were created by randomly pairing two groups of 25 equally difficult sentences. In addition, each time one of the 25 PH sentence sets was included, it was reshuffled so as to produce a'unique order of sentences.
C. Competing noise
Two types of competing noise were used. These were wideband noises having a fairly flat amplitude spectrum from 200-8000 Hz and speech-shaped noises, having an amplitude spectrum approximating the long-term average spectrum of speech. The speech noise is similar in spectral shape to the competing noises commonly found in everyday situations [Aniansson, 1974). The two noise spectra were selected in order to encompass the range of most noise spectra encountered in many industrial environments. Figure 4 shows the one-third octave-band levels of the wideband noise and speech noise for an overall level of 95 dB SPL. These are sound-field measurements obtained at a position corresponding to that occupied by the subject's head. The unweighted (linear) levels of the competing noise signals used were 95, 90, and 85 dB SPL. The speech signal was presented at an unweighted level of 90 dB SPL. Once again, the intent of the present study was to approximate realistic conditions. The speech and noise levels selected are not unlike those found in industrial situations. For example, it is not uncommon for speech presented through public-address systems to reach levels of 90 dB SPL or greater in order to be heard over intense background noise. An additional concern in selecting speech and noise levels had to do with avoiding ceiling and floor effects in the recognition of the PH items.
D. Hearing protectors
The hearing protective devices used in the study consist- 
E. AI calculation method
The AI calculation method used was the American National Standards Institute (ANSI S3.5-1969) one-third oc- 
F. Apparatus
The speech stimuli were presented from a stereo cassette tape deck (Nakamichi, model BX-106) through one chan- group of 12) were tested in the unprotected condition first, followed by testing with the plug-type protector and then the muff-type protector. Once the sequence of hearing protector testing was established for a subject, the following procedures were administered. First, binaural sound-field thresholds were measured for one-third octave bands of noise centered at 250, 500, 750, 1000, 1500, 2000, 3000, 4000, and 6000 Hz. Some of these center frequencies are not those included in the AI calculation scheme. They are the only ones available, however, on the audiometer employed in this study and the thresholds needed for AI calculations were interpolated from these measurements when necessary. Next, speech-recognition testing commenced. Subjects were required to write down the last word heard in each sentence. Testing was completed in quiet and two noise backgrounds with the order randomized for each subject. All testing was completed for one type of background noise before proceeding to the next. For the noise backgrounds, the order of signal-to-noise ratio was also randomized. Test-retest reliability was also evaluated for three subjects from each group.
Each subject participated for 6-8 h.
II. RESULTS

A. Reliability
The effectiveness of the AI in predicting speech-recognition performance for both groups of subjects was determined by comparing observed speech-reeognition scores with those predicted by the AI. Test-retest reliability was evaluated through a repetition of the test procedure with three normalhearing and three hearing-impaired persons. predictions made by the AI for the data shown in Fig. 5 is the rms error of the difference between the observed speech-recognition scores and those predicted by the best fitting function. The rms error for these data of only 11% suggests that, for normal-hearing listeners, group speech-recognition per- 
III. DISCUSSION
The primary concern of this investigation was to determine whether or not the articulation index could be used as a procedure for predicting speech-recognition performance of normal-hearing and hearing-impaired listeners wearing hearing protective devices in quiet and in noise. The AI seemed to be particularly applicable to the task of predicting speech-recognition performance under these conditions, because the AI takes into account the interacting effects of speech level, level and spectrum of the background noise, and the hearing sensitivity of the listener.
The results indicate that the AI procedure accurately predicts group performance of normal listeners and persons with mild-to-severe high-frequency, sensorineural hearing loss. This is illustrated by Fig. 7. Figure 7 
